Cytokinins are ubiquitous plant hormones that have dramatic effects on growth and development, but almost nothing is known of their molecular mode of action. Recently, evidence has emerged that cytokinin action may involve a G-protein-coupled receptor and/or a two-component signaling pathway.
The cytokinins are plant hormones with diverse effects on plant growth and development. They were first discovered by Miller et al. [1] and shown to stimulate division of tobacco cells in culture. In the intact plant, cytokinins promote the growth of lateral buds, stimulate chloroplast development and delay senescence in leaves. Despite their importance, almost nothing is known about how cytokinins function at the cellular level. But now several recent reports have implicated two well-characterized types of signaling pathway in cytokinin action: a Gprotein-coupled receptor pathway, and a two-component histidine kinase pathway.
The G-protein-coupled receptors form a large superfamily, members of which have been found in animal and fungal species, but until recently not in plants. They are characterized by seven transmembrane domains, an amino-terminal extracellular domain, and a carboxy-terminal cytoplasmic domain [2] . On ligand binding, a signal is transduced inside the cell through interaction between the cytoplasmic domain of the G-protein-coupled receptor and a trimeric G protein [2] . Although genes encoding α and β subunits of a G protein were isolated from plants several years ago, the first candidate G-protein-coupled receptor was identified only recently. Two groups used the information available in a database of expressed sequences (dbEST) to identify a gene in Arabidopsis that encodes a protein with similarity to G-protein-coupled receptors [3, 4] .
The protein, which has been called GCR1, has a relatively low level of sequence identity with other G-proteincoupled receptors (18-23%), but exhibits several features that strongly suggest that it is a member of the family [3, 4] . Hydropathy analysis indicates that the protein has seven discrete transmembrane regions and that the amino terminus is extracellular, as expected. In addition, a number of residues that are conserved in the transmembrane regions and extracellular loops of G-protein-coupled receptors are present in GCR1 [3, 4] . RNA blot analysis showed the presence of a very low abundance RNA species [4] , an observation confirmed using the reverse transcriptase form of the polymerase chain reaction (RT-PCR). GCR1 RNA was detected in stems, leaves and roots of plants [4] .
To investigate the function of GCR1, Plakidou-Dymock et al. [4] generated transgenic Arabidopsis plants carrying an antisense GCR1 cDNA fused to the constitutive 35S promoter of cauliflower mosaic virus. The idea was that the antisense RNA encoded by this construct would hybridise to the complementary transcripts of the wild-type GCR1 gene and prevent their translation, thus functionally inactivating the gene. Six of the transgenic lines had a characteristic appearance that the authors called the Dainty phenotype: they had reduced leaf expansion, flowered earlier than untransformed plants and produced a single flowering stem rather than the several produced on untransformed plants. Focussing on one of the transgenic lines, Plakidou-Dymock et al. [4] went on to show that the Dainty phenotype segregated with the transgene for five generations, indicating that the phenotype is caused by reduced GCR1 expression; indeed, no expression of GCR1 could be detected in the transgenic plants by RT-PCR. This phenotype is suggestive of a hormonal defect, so Plakidou-Dymock et al. [4] examined the responses of the transgenic plants to a number of plant hormones. In wildtype plants, cytokinin, auxin and ACC (1-aminocyclopropane-1-carboxylic acid, the precursor of ethylene) all inhibit seedling root growth at low concentrations, abscisic acid inhibits germination, and gibberellins and brassinosteroids both promote hypocotyl elongation. The transgenic seedlings responded normally to all of these compounds except for cytokinin (Figure 1 ). Inhibition of seedling-root elongation by cytokinin was significantly reduced in transgenic plants compared to controls, as was the normal ability of cytokinin to inhibit hypocotyl elongation in dark-grown seedlings. These results indicate that the protein encoded by GCR1, presumed to be a Gprotein-coupled receptor, is required for normal responses to cytokinin in Arabidopsis seedlings.
The most exciting implication of these results is that GCR1 is a cytokinin receptor. Plakidou-Dymock et al. [4] point out that, among the known G-protein-coupled receptors, GCR1 is most closely related to cAMP receptors from Dictyostelium discoidum, and that cAMP and cytokinin are both adenine derivatives. The GCR1 ligand could, however, be a different molecule -perhaps cAMP -and the effect on cytokinin response might be indirect. In any case, with the molecule in hand, additional biochemical and physiological experiments are now possible to test the notion that GCR1 is a cytokinin receptor.
Meanwhile, studies by several other groups have implicated two-component histidine kinase signaling pathways in the cytokinin response. The prototypical two-component system consists of a 'sensor' kinase and a downstream 'response regulator' [5] . Interaction between the signal and the sensor results in kinase activation and autophosphorylation at a conserved histidine. Subsequently, the phosphate is transferred to a conserved aspartate on the response regulator, an event that results in signal output [5] . In 1996, Kakimoto [6] showed that ectopic expression of a gene called CKI1 resulted in cytokinin-independent cell division in cultured Arabidopsis tissues. The CKI1 protein has similarities to both sensor and response regulator parts of two-component signal transduction systems. Furthermore, CKI1 has a novel amino-terminal extension with two membrane-spanning domains, leading to speculation that it might be a cytokinin receptor.
So far there is no direct evidence for this hypothesis. Brandstatter and Kieber [7] , however, have recently obtained some support for the possibility. These workers identified Arabidopsis genes that are expressed rapidly in response to cytokinin. Transcripts from one of their candidate genes, called IBC6, accumulated within 10 minutes of cytokinin treatment. This induction was not observed after treatment with other hormones or light. Transcript accumulation did not require protein synthesis; it was actually enhanced by the translation inhibitor cycloheximide. IBC6 thus appears to be a primary cytokininresponse gene. Sequence analysis clearly indicates that IBC6 is a member of the response regulator class of proteins: it has a number of diagnostic conserved residues, including the aspartate that is probably phosphorylated.
Without genetic evidence, the function of IBC6 is uncertain, but the rapid and specific induction by cytokinin clearly points to involvement in the cytokinin response. Brandstatter and Kieber [7] suggest that IBC6 may function in combination with CKI1. They note that, in bacterial systems, the transcription of genes encoding response regulators is often stimulated in response to the very signal they transduce, resulting in a rapid increase in the strength of the response. Brandstatter and Kieber are now screening for IBC6 mutants and using other genetic strategies to test this hypothesis. If IBC6 really acts downstream of CKI1, it might be possible, using biochemical methods, to demonstrate a specific physical interaction between the two proteins.
Kieber and colleagues [8, 9] are also pursuing a more traditional approach to the identification of genes involved in the cytokinin response. Treatment of Arabidopsis seedlings with low concentrations of cytokinin results in production of the plant hormone ethylene, which in turn causes a very characteristic set of growth responses known as the triple response. For the purposes of mutant screening, the clearest aspect of the triple response is a dramatic reduction in hypocotyl elongation in the dark. Kieber and colleagues [8, 9] screened for Arabidopsis mutants that did not display the triple response, and in a secondary screen eliminated mutants that did not respond normally to ethylene. The hope was that the remaining mutants would be affected in components that transduce the cytokinin response.
The remaining mutants fell into two groups. One group consisted of three alleles of the ACS5 gene [8] . This gene encodes an ACC synthase, the enzyme that catalyzes the conversion of ACC into ethylene. Apparently, ACS5 has a specific role in cytokinin-mediated ethylene biosynthesis. The other mutants fall into four complementation groups, cin1 to cin4 [9] . The CIN genes appear to act upstream of ACS5 in cytokinin induction of ethylene biosynthesis. The cin1 mutants also displayed defects in cytokinin-mediated shoot initiation from tissue culture, suggesting that the CIN1 gene has a more general role in cytokinin response. This interesting class of mutants is likely to be an important resource for future studies of cytokinin action.
Recent advances in our understanding of plant hormone action have come largely through genetic studies. Now it appears that genetic approaches, both traditional and nontraditional, are being brought to bear productively on the mechanism of cytokinin action. One intriguing possibility is that cytokinin is perceived by both a G-protein-coupled receptor and a histidine kinase receptor. The existence of two types of receptor linked to distinct signaling pathways may help to explain the complexity of cytokinin response. As this story unfolds it will be interesting to learn which cells use these pathways and, if they function in the same cell, how they interact. Soon we may know how cytokinin, perhaps the most enigmatic of plant hormones, actually works.
